We study the national production of academic knowledge in all Iberoamerican and Caribbean countries between 1973 and 2007. We show that the total number of mainstream scientific publications listed in the Science Citation Index (SCI), the Social Science Citation Index (SSCI) and Arts and Humanities Citation Index (A&HCI) follows an exponential growth, the same as the national productivity expressed in the number of publications per capita. During the last 35 years, Portugal shows the highest rate growth in both indicators. We also explore the temporal evolution of the co-authorship patterns between a sample of 12 Iberoamerican countries responsible for 97.95% of the total regional publications between 1973 and 2006, with a group of other 45 different nations. We show that the scientific co-authorship among countries follows a power-law and behaves as a self-organizing scale-free network, where each country appears as a node and each co-publication as a link. We develop a mathematical model to study the temporal evolution of co-authorship networks, based on a preferential attachment strategy and we show that the number of co-publications among countries growths quadraticly against time. We empirically determine the quadratic growth constants for 352 different co-authorship networks within the period 1973-2006. We corroborate that the connectivity of regional countries with larger scientific networks is growing faster than with other less connected countries. We determine the dates, t 0 , at which the co-authorship connectivities trigger the self-organizing scale-free network for each of the 352 cases. We find that the last follows a normal distribution around year 1981.4 ±2.2 and we connect the last effect with a brain-drainage process generated during the previous decade. We show how the number of co-publications (t) between country k and country i, is related with a power-law against the coupling growth coefficients . We develop a methodology to use the empirically determined growth constants for each co-authorship network to predict changes in the relative intensity of cooperation among countries. We finally discuss the consequences of our findings for the science and technology cooperation policies.
Introduction
The application of bibliometric indicators to estimate the characteristics of international scientific cooperation patterns have been explored by diverse authors (i.e. Davison Frame et. al, 1977; Glänzel and Schubert, 2004; Holmgren and Schnitzer, 2004; Wagner and Leydesdorff, 2005b) . Few studies employed them to analyze the cooperation profiles among Latin American countries (Fernández et al., 1998; Narvaes-Berthelemot, 1995; Russell, 1995; De Moya-Anegón and Herrero Solana, 1999; Gómez et al., 1999) . Most of previous works only considered the aggregated behavior among short periods of time, no longer than a decade. By doing so, the information about the annual rate of change in cooperation networks is lost. In this way, no conclusions can be made about the results obtained by the application of different science and technology (S&T) international cooperation policies or the absence of them. The last might eventually be empirically quantified by contrasting the evolution of international cooperative agreements among institutions and countries against several S&T output indicators (Lemarchand, 2005) . Unfortunately, this work was not carried out yet due to the lack of information about which international treaties and agreements are in operation among different countries.
Besides the existence of several formal international cooperation instruments, there is no doubt that the informal ones, among individual scientists of different countries and disciplines, might explain most of the cases of co-authorship of scientific mainstream articles.
In this work, we determine the long-term evolution of the cooperation networks among 12 Iberoamerican and Caribbean countries 2 and other 45 regional and extra-regional nations. The selected countries are responsible for the 97.95% of the total main stream scientific publications written by scientists of this region that were listed in the Science Citation Index Extended (SCI), Social Science Citation Index (SSCI) and Arts and Humanities Citation Index (A&HCI), between 1973 and 2006 (34 years) 3 . We study the bilateral co-authorship of articles between each of the 12 countries with the 22 most productive Iberoamerican and Caribbean countries; 19 OECD countries not included in the first group and with China, India, Israel and USSR/Russia (see Table 2 ).
The analysis of the aggregated temporal evolution of SCI, SSCI and A&HCI, shows a homogeneous trend that is independent of any academic discipline and also avoids any substantial change in the national trends, due to the continuous incorporation of new journals to the databases. In this way, we focus our study in a cooperation network analysis within regional and extra-regional countries. Obviously, the publication in main-stream journals (listed by SCI, SSCI and A&HCI) represents only a fraction of all the cooperative research and development (R&D) activities that is taking place within the countries of our sample. The main advantage of using these databases is that they were systematically collected and organized over several decades with similar methodologies, allowing us to perform a long-term analysis with relative good confidence.
In Section 2 we analyze the long-term evolution in the production of mainstream scientific publications for all the countries of the region between 1973 and 2007, as well as their growth rates, productivities and regional distributions. In Section 3 we describe the methodology used to analyze the co-authorship patterns among a sample of 12 Iberoamerican countries and other 45 different nations between 1973 and 2006, and we present the main results. We study the coauthorship patterns in terms of intra and extra regional cooperation. We show that the intra-regional cooperation has been increasing smoothly during the last decades.
In Section 4 we develop a simple mathematical model of social networks applied to the study of the temporal evolution of co-authorship among countries. The model predicts a quadratic growth of co-publications (links) against time, among different countries (nodes). We show that this type of networks behaves with a self-organizing dynamics and we derive the conditions from which this process is triggered. In Section 5 we empirically analyze 352 different scientific coauthorship networks between 1973 and 2006 and we estimate the values of their growth constants, the dates at which the self-organizing dynamics starts and the correlation coefficients between the mathematical model and the real data. We determine the number of co-publications against the values of different growth coupling constants scales with a power-law. In Section 6, we use our mathematical model and the empirically determined growth constants, to deduce a methodology to predict the near-future behavior of the co-authorship patterns among the 352 collaborating networks. Finally, in Section 7, we present a summary with the main results of this research and their implications on the regional science and technology policies.
Iberoamerican mainstream knowledge production (1973-2007): the database
Within the most scientific productive 146 countries in all fields 4 , covering a ten-year plus eight-month period (January 1997 to August 21, 2007 , the only Iberoamerican countries included among the top twenty are: Spain (rank 10) and Brazil (rank 17). For the same period, our analysis shows that Mexico has the rank 27, while Argentina the rank 31. This is an interesting improvement 5 if we take into account that a similar survey made between 1967 and 1973, had Argentina (rank 27); Spain (rank 29), Brazil (rank 32), and Mexico (rank 34) as the most productive nations of the Iberoamerican and Caribbean region (De Solla Price, 1986: pp.192-193) .
In order to understand the process that took place between the last two extremes here we analyze the temporal evolution in the production of mainstream scientific and academic knowledge in all fields. In this Section all our analyses cover the period 1973 to 2007.
To study the distribution of published articles for each Iberoamerican and Caribbean country listed in SCI, SSCI and A&HC, we use Thomson-Reuters' Web-of-Science 6 as our information source. We think that these databases constitute a good and qualified indicator to inquire about knowledge-production patterns within the region. The data was downloaded in April 2007. Due to some delays in the publication of several journals and delays in the Web-of-Science data-entry, there is an approximately 10-12 % underestimation in the total number of published articles for the year 2007.
In this article we focus our study only in the production of mainstream scientific articles in all fields of knowledge. Over the years, several scholars debated about the underrepresentation of Third World journals in the last mainstream databases (Gaillard, 1991; Gibbs, 1995) and in particular the Latin American and Caribbean ones (Burgos, 1995) . Not all the scientists of the region under study submit their research results to mainstream publications. Thus, the existence of domestic journals in several countries may reflect some peculiar domestic circumstances or specific scientific national agendas that are not considered by the mainstream publications. Other studies show that Latin American scientific journals don't have the minimum level of bibliographic control necessary to be uniquely identified, read and subscribe to, by an international audience (Cano, 1995) . In this context, it is considered that periodical publications from such an infrastructure are condemned to a ghost-like existence, whereas the academics that publish in them will have their research results unrecognized. For these reasons, during the last decades, there has been an important increase in the submission of scientific articles, written by Iberoamerican & Caribbean authors, to mainstream publications.
In spite of these reluctant points of view 7 about the underrepresentation of local and regional journals, we argue that there is a good correspondence among SCI, SSCI, A&HCI and other international databases of scientific knowledge production. De Moya-Anegón and Herrero-Solana (1999) showed a strong correlation in the distribution of publications, for those articles written by Latin American authors, between the Science Citation Index Extended and other databases like PASCAL, INSPEC, COMPENDEX, CHEMICAL ABSTRACTS, BIOSIS, MEDLINE and CAB. They have obtained the following values for the correlation coefficient among the different databases: 0.957 ≤ R ≤ 0.997. This fact supports our hypothesis that the combination of SCI, SSCI and A&HCI might still be a good indicator for the study of mainstream scientific knowledgeproduction and the evolution of co-authorship networks among different countries. Figure 1 shows the distribution of published articles at the three databases, between 1973 and 2007, per country as a percentage of the total number of articles published in all the regional countries during the same period. Clearly, the European countries of our sample (Spain and Portugal), account for almost 50% of all the publications. This implies that if we want to calculate the shares of publications among Latin American and Caribbean countries alone, a rough estimation can be obtained by multiplying the values of Figure 1 by a factor of 2. Figure 2 shows the total number of published articles at the three databases per year, between 1973 and 2007, in a log-linear scale for the 15 Iberoamerican nations with the highest number of mainstream scientific publications. The distribution of total number of publications per year, in most of the countries, follows an exponential growth behavior which can be described by , where is the total number of publications of country k at time t, while and are empirically determined constants. Table 1 shows the list of countries ordered by the total number of publications between 1973 and 2007, and by the size of the exponential growth constant . We also include the percentage shares and the exponential fitting correlation coefficient R over 35 years of data.
It is very interesting to observe the difference between the total number publications and the exponential growth constant size rakings. Portugal has the highest γ constant of our sample. In 1973 had the 7 th position in the number of published articles of the region, while in 2007 got the 4 th position, and now is almost sharing the 3 rd one with Mexico that has 10 times Portugal's population. Another very interesting case is Colombia, which has the second highest γ-constant, with even a higher growth constant if we only consider the data after 1993. This is consistent with several S&T organizational reforms generated in 1990, such as the creation of the National Science and Technology System and the inclusion of COLCIENCIAS as part of the National Department of Planning (Garay et al., 1998) . Ecuador with a very low production per year (≈10 articles per year in 1973) increased their mainstream publications in a factor of 20 over 35 years.
Venezuela and Jamaica have the lowest γ constant rates. The first one increased their mainstream publications in a factor less than 2 over 35 years, while the second practically has not changed its yearly production over the examined period. These bibliometric measurements belong to the S&T output indicators set (i.e. OECD Frascati Manual), and their study represents, in many ways, the performance of the national production of knowledge as a consequence of their R&D activities. The absence of growth, for more than three decades (i.e. Venezuela and Jamaica) implies a failure of the applied S&T policies in those countries. On the contrary, the S&T policies applied in Spain, Brazil and Portugal show a relative good success, at least in the production of mainstream scientific knowledge. Here γ is the exponential growth constant and R is the fitting correlation coefficient. Another way to study the long-term behavior of mainstream scientific publications can be performed by analyzing the evolution of the societal knowledge productivity, in terms of number of publications per million inhabitants against time. In Figure 3 we show, in log-linear scale, the yearly distribution of publications at SCI, SSCI and A&HCI per million inhabitants, for the 12 most productive nations of the region. Both European countries (Spain and Portugal) show a clear exponential growth, in which Spain increased 43 times its productivity over 35-year period, while Portugal 47 times. By keeping the same growth rates, Portugal will reach Spain's productivity in the next decade. A careful look at the graph will also show that for most of Latin American countries there is a period, between the late seventies and the late eighties, when their productivity remained constant. A possible explanation might be the high brain-drain rate of scientists and technicians that the region suffered in this particular time due to the predominance of military governments (see Figure  18 ), economical crises, high inflation rates, the absence of academic freedom and explicit support to S&T activities.
From the mid-nineties, most of the nations of the region started increasing its productivity again. The exception is Venezuela whose productivity remained almost the same over 34 years (within a factor of ≈2). Again, the latter is also a good indicator of the failure of the applied S&T policies.
Iberoamerican mainstream co-publication patterns (1973-2006):
Co-authorship is one of the most tangible and well documented forms of scientific collaboration (Glänzel & Schubert, 2004) . Almost every aspect of scientific cooperative networks can be studied by analyzing co-authorship patterns with the employment of bibliometric methods. For our study, we select only those nations with shares over 0.5 % of the total regional production between 1973 and 2006 (see Figure 1) . In this way, the countries of our sample are: Spain, Brazil, Mexico, Argentina, Portugal, Chile, Venezuela, Colombia, Cuba, Peru, Uruguay and Costa Rica. This set covers the 97.95 % of the total number of publications originated in all Iberoamerican and Caribbean nations.
We also use the Web-of-Science resources to analyze the number of bilateral co-publications for each country of our sample, per year, between 1973 and 2006, with other 45 different nations taken from the list shown in Table 2 . The last one includes the countries with larger number of mainstream scientific publications in the world, listed in SCI, SSCI and A&HCI 8 . The data were downloaded between February and March 2007. Again, due to some delays in the publication of several journals and delays in the Web-of-Science data-entry, there is an approximately 10-12 % underestimation in the total number of published articles for the year 2006, and consequently an underestimation in the number of copublications between countries for that year.
We search for the number of publications per year (at the three databases) that have at least one author from the Iberoamerican country under study and another author from each of the 45 countries of our list. In this way, we got the number of bilateral co-publications that each pair of countries generates per year between 1973 and 2006. By knowing the total number of publications per year for each country, it is trivial to compute the co-publications as shares of the total annual production. We do not analyze how many of these bilateral co-authorship articles were really written by authors from three or more different countries. Our focus is the study of the links between countries. For doing so, we only need to know the existence of connectivity, or not, between each Iberoamerican country and each other nation from our list ( Table  2) . Lemarchand (2007) showed that most of the co-publications are made with extra-regional countries. For example, he calculated that between 1966 and 2006 9 , the average cooperation percentages for extra-regional (E) and intra-regional (I) co-authorships are respectively: Spain (E≈37%, I≈5%) Figures 4 to 8 show the temporal evolution in the co-authorship for the five countries of our sample that have more than 5 % of the total number of publications of the region . All the co-authorship countries shown in these figures have more than 1.4 % of the total number of publications, published by each of these 5 nations.
During the period surveyed in our study, USA got the highest rates of co-authorship with the countries of the region: Spain≈7%; Brazil≈12%; Mexico≈46%; Argentina≈10%; Portugal≈10%; Chile≈15%; Venezuela≈16%; Colombia≈27%; Cuba≈4%; Peru≈28%; Uruguay≈15% and Costa Rica≈28%. The last figures are calculated taken into account the total number of co-publications with USA between 1973 and 2006, over the total number of publications of each Iberoamerican country within the same period. An interesting case is Mexico, since the mid eighties, the co-authorship with USA has decreased from more than 60% of the total Mexican publications in 1985, to 40% in 2006. Brazil has been experiencing a similar decreasing coauthorship behavior with USA since 1995, while Portugal had an oscillatory pattern. The other 9 countries of our sample have been expanding their cooperation networks with USA over these years.
The rest of the most connected countries in terms of co-publications are Spain, UK, France, Germany, Brazil, Italy and Canada. From a scientific network dynamics point of view, the last countries (nodes) work like real co-authorship "hubs."
Lemarchand (2005) presented a short account of the history of multilateral cooperation, in science and technology, for Latin America and Caribbean countries since the late sixties. It was shown that the main multilateral programs were sponsored by the Organization of American States (OAS), UNESCO and since the mid-eighties by the Science and Technology for Development Iberoamerican Program (CYTED). On the other hand, there are several successful cooperation agreements and programs for specific thematic areas, among groups of countries. Examples of them are: the Latin American Biological Sciences Network (REDLAB), the Latin American Center of Physics (CLAF); the ArgentineanBrazilian Center for Biotechnology (CABBIO), the Andres Bello Agreement (Bolivia, Colombia, Chile, Ecuador, Panama, Peru, Spain, and Venezuela), MERCOSUR's Specialized Meeting in Science and Technology (RECYT), among other regional initiatives. It is not so clear which is the real impact of these regional programs on the production of new mainstream scientific knowledge. Using our database, we can roughly estimate the growth rate of internal collaboration among Iberoamerican and Caribbean countries. To analyze the temporal evolution of regional mainstream scientific copublications we study the behavior of each nation of our sample with other 22 regional countries (99.83% whole mainstream publications) as an aggregated unit. In Figure 9 we show the internal co-publications growth, expressed as percentage over the total national number of publications. A careful analysis shows that the intra regional cooperation is increasing quadraticly. At this point, we can not determine if this behavior is a consequence of the application of regional cooperation agreements and several explicit S&T policies driven by free-trade and other regional integration treaties, or not (Lemarchand, 2005) . The number of international formal agreements has increased linearly in time over the last 40 years. It is also very interesting to check that the intensity of the aggregated cooperation with regional countries is inversely proportional to the size of the national scientific network (i.e. Spain is the country with the highest number of mainstream scientific articles, but the one with less regional cooperation shares). The last effect can be explained in terms of a selforganizing co-authorship scale-free network dynamics. 1972 1976 1980 1984 1988 1992 1996 Albert and Barabási (2002) showed that highly connected nodes (in our case countries, i.e. USA, UK, France, Germany, etc.) increased their connectivity faster than their less connected peers. They called this effect as preferential attachment. Based on the last conceptual framework, Wagner and Leydesdorff (2005b) considered the growth of international scientific connectivities as a consequence of mechanisms of reputations and rewards, where scientists collaborate to gain visibility, reputation, access to state-of-the-art technologies and funding. It is interesting to check, that these main co-authorship links are established with nodes (countries) that have higher R+D budgets and extensive S&T networks than the Iberoamerican country under analysis. Assuming a complex network behavior, the strategy to extend a cooperative co-authorship strategy with countries that have a more extensive scientific network, is equivalent to the choice between holding a new document in a web server with high traffic (i.e. Google) or in a web-page with very few visits. In this way, scientists working on the periphery looking to increase the visibility of their research strive to link their research to the international research community, particularly through the copublication with authors that are members of networks with larger connectivities (i.e. USA, UK, Germany, France, etc.).
From a sociological point of view, the individual scientists behave in such a way to enhance what Robert K. Merton (1968 Merton ( , 1988 He also theorized that a macrosocial version of the Matthew Effect works as a maximization principle in those processes of social selection that currently lead to the concentration of scientific resources and talent. He had implicitly identified the sociological consequences of a power-law distribution applied to the prestige, access to resources, visibility of prominent scientists and institutions, or, in our terms, to the existence of preferential attachments. One of the most common sources for establishing new links (preferential attachment) between a periphery country (node) and a "hub" is the international mobility of scientists, technicians, scholars and graduate students. This strategy was followed by individuals from most of the Iberoamerican countries over the last 50 years. The access to higher R&D budgets, better laboratories or infrastructures, and a scientific network with great connectivity and visibility, increase the individual productivity and give the possibility to collaborate later in hot topics with scientists of their own country. In this way, they extend the visibility of their national scientific network. This mobility is favored by international differences in 10 The Matthew effect took its name from the Gospel according to St. Matthew: "For unto every one that hath shall be given, and he shall have abundance: but from him that hath not shall be taken away even that which he hath." (Merton, 1968; p.58 In turn, those "pushing-factors" which induce scientists, technicians, engineers and other scholars to emigrate are: low salaries at home, limited professional recognition, poor career prospects, and the absence of peer research groups at their home country (Solimano, 2008) .
These highly skilled expatriate networks, through a connectionist approach, linking Diaspora members with their countries of origin, turn the brain drain into a brain gain approach (Meyer, 2001) . In recent years, several empirical and theoretical studies that include the case of several Latin American countries support the last conceptions (Meyer et al, 1997; Kuznetsov & Sabel, 2006; Bassarsky, 2007; Solimano, 2008; Thron & Holm-Nielsen, 2008) .
From the database generated by Lemarchand (2007) we empirically corroborated that the countries of the region (i.e. Figures 4 to 8) tend to mainly cooperate with "hubs" or bigger scientific networks. The higher number of articles is copublished with larger scientific networks. Table 3 shows the distribution of hubs and other larger co-authorships networks, the distribution of smaller collaborative webs and in both cases their corresponding percentage of co-publications over the total number of articles for each country of our sample. As it was shown in Section 2, Spain has the rank 10 and Brazil the rank 17 within the most productive nations of the world. So, they respectively have only 9 and 16 larger scientific networks to cooperate with. Table 3 shows the differences among the S&T cooperation strategies performed by the Iberoamerican countries of our sample. While several nations focus their co-authorship strategies on co-publications with larger networks (Colombia; Portugal, Peru, Uruguay and Mexico), others (Spain, Brazil and Argentina) share their mainstream scientific articles among local authors, hubs and smaller networks.
In Section 5 we study the characteristics of 352 different co-authorship Iberoamerican networks. The data provide in Table 3 shows that 70.2 % of all the networks surveyed in Section 5 are hubs or larger co-authorship networks. From the information of Table 3 and Figure 1 we estimate that the number of co-publications generated by the last group of networks represents 39.6 % of the total number of articles published by the 12 countries of our sample between 1973 and 2006. While the co-publications with smaller scientific co-authorship networks, is responsible for only 8.8 % of the total number of articles of these 12 nations. We notice that Spain (which works like a real "hub" for the Iberoamerican community) is the country responsible for contributing 6.1 % to the last 8.8 %. In the last column of Table 3 we represent the "traffic coefficient" or the ratio between the percentages of copublications with larger scientific networks over the percentages of co-publications with smaller ones. Portugal's traffic coefficient is 90.2, several times larger than any other case of our sample (i.e. Spain: 2.1; Brazil: 3.7; Mexico: 21.4; Argentina 9.6, Chile: 23.9). By concentrating 90.2 times more co-publications with more visible and larger scientific networks than with smaller ones, the S&T cooperation strategy followed by Portugal allowed them to have the highest growth rates of mainstream scientific articles production and its corresponding productivity (see Figures 2 and 3 ).
The temporal evolution of self-organized co-authorship social networks:
The study of all kind of complex networks has undergone an accelerated expansion in the last few years, after the introduction of scale-free and power-law mathematical models (Albert & Barabási, 2002; Dorogovtsevyz & Mendes, 2002; Wang, 2002; Boccaletti et al. 2006 ) and small-world networks (Newman, 2001) , which, in turn, have induced the study of many different phenomena under these new theoretical approaches. The co-authorship network is one of them Ramasco et al. 2004; Leydesdorff, 2005a and 2005b; Tomassini, & Luthi, 2007) . Nodes in coauthorship networks are paper authors, joined by edges if they have written at least one article together. Ramasco et al (2004) also developed a mathematical model to show the self-organizing properties of all kind of collaboration networks. This model includes a growing network which combines preferential edge attachment with the bipartite structure and depends on the total number of collaborators (in our case countries) and acts of collaborations (in our case co-publications). According to this model, we can infer that co-authorship networks are self-organized and do not depend on any specific national S&T policy but on the internal dynamics of the scientific enterprise. Melin (2000) showed that the scientific collaborations are characterized by strong pragmatism and a high degree of self-organization. The same conclusions were treated with some detail by Wagner & Leydesdorff (2005a) suggesting that the scientific collaboration dynamics is caused by the self-interests of individual scientists, rather than to other structural, institutional or policy related factors that have been suggested previously. (1991) (1992) (1993) (1994) (1995) Number of co-authors from different countries (S)
Using data provided Fernández et al. (1998) we verify that the co-authorship of Iberoamerican and Caribbean countries also behaves as a self-organizing social network. In Figure 10 , we plot in a log-log scale the number of copublications by Latin American authors (1991) (1992) (1993) (1994) (1995) listed in SCI against the number of cooperative countries (i.e. S = 2; 3; 4; 14). The graph shows a power-law distribution, characteristic of a scale-free network (Albert & Barabási, 2002) , where the countries behave as nodes and the co-publications as links, connecting nodes. The plotted data can be fitted by the following equation 187941 .
, where P is the total number of co-publications as a function of S (number of countries that participates in the co-publication). From the previous relation, it is clear that the most frequent type of coauthorship is the bilateral one, while the number of co-publications among 3; 4; … 14 countries decays hyperbolically.
Besides the fact that several mathematical models have already been developed to understand the scientific coauthorship dynamics (Newman, 2001; Barabási et al. 2002; Ramasco et al. 2004; Li et al. 2007 ), here-on we develop a formalism to analyze the temporal evolution and the long-term behavior of co-publication networks among countries. Its simplicity will allow us to empirically determine its growth constants from available data-sets, to establish the dates at which the self-organizing network dynamics is triggered and to make some predictions about the future behaviors.
Using a continuum-theory network model (i.e. Barabási et al., 2002 ), here we denote K i (t) as the number of links that node i has at time t; by P(t) and S(t) the total number of links (co-publications) and total number of nodes (scientists that are working at different countries) at time t, respectively. We consider that new researchers join the national scientific network at a constant rate, leading to:
(1)
Here σ and are constants. In this way, the average number of links per node in the system at time t will be given by (2) We assume that the probability to create a new internal link between two existing nodes is proportional with the product of their connectivities. By defining α as the number of newly created internal links per node in unit time, we are able to write the probability that between countries (nodes) i and j, a new scientific paper (internal link) is published as:
The summation in the denominator is done for all values at which . Assuming that a node i has K i links, the probability that an incoming node will connect to it, is given by
where β is the average number of new links that an incoming node generates. Following Barabási et al. (2002) we are able to formulate the dynamical rules that govern our evolving network model, capturing the basic mechanism governing the evolution of co-authorship networks: (a) Nodes join the network at a constant rate; (b) Incoming nodes link to the already present nodes following preferential attachment; (c) Nodes already present in the network form new internal links following preferential attachment.
From (1) we know that new links join the system with a constant rate, , the continuum equation that represents the behavior of the temporal evolution of the number of co-publications (links), associated with country (node) i, is the following master equation:
In the last equation, the first term on the right-hand side describes the contribution due to new nodes (4) and the second term gives the new links created with already existing nodes (3). The total number of links at time t can be computed taking into account the internal and external preferential attachment rules:
Consequently, the average number of links per node increases linearly in time as: 2
Combining equations (1), (2) and (7) we obtain: 2 or 2 2
Equation (8) clearly shows the quadratic dependence of the number of co-publications between country i and j, against time. By introducing a change of variables: ; 2 ; 2 ; we can re-write (8) as:
By plotting the number of co-publications between country i and country j, against time, and fitting the data with a quadratic equation, we are able to empirically obtain the values of the constants, a, b and c. In order to determine the time at which the self-organizing network starts working, we re-write (9) in a more convenient way, by introducing some algebraic transformations to the quadratic equation:
(10)
For simplicity we introduce a new change of variables and , and we obtain the following relation:
In this way, the minimum of the function (11) will determine the value t 0 at which the self-organizing network dynamics is triggered. To find the value of t 0 we apply the following boundary conditions: 0
and 2 0 0
Consequently, the self-organizing co-publication network dynamics will start its process at with a > 0. As it is shown in Tables 4 to 15 (see Appendix) , all the coupling constants empirically obtained for the co-authorship networks between countries k and i, are such that 0, which implies that for all our 352 different cases, t 0 is a minimum of the self-organizing social network.
The long-term empirical behavior of 352 bilateral co-authorship networks
In order to corroborate or falsify the model developed in Section 4, here we analyze the behavior of 540 different coauthorship networks, that result from studying the cooperation patterns among the 12 Iberoamerican countries of our sample and each of the 45 other nations listed in Table 2 .
Assuming that each network will have at least two countries as nodes and several scientific publications as links which will increase quadraticly against time, we analyze the number of publications that results from the cooperation of country k with country i, as a function of time . From the analysis described in Section 3 we already have the quantity of articles that were co-published for 540 bilateral different networks between 1973 and 2006. Due to the fact that the quantity of mainstream scientific publications in diverse nations is very small, the co-publications among several pairs of countries practically do not exist, consequently, no network can be considered. From the original 540 bilateral copublications study, in only 352 cases, it is possible to perform a network data analysis.
By fitting the data for each distribution with quadratic equations, we can empirically determine the numerical values of the corresponding coefficients , , and . From equations (10), (11) and (12) we calculate the value of t 0 at which the self-organizing network starts. In Tables 4 to 15 (see Appendix) we show the list of co-authorship networks among the 12 Iberoamerican countries of our sample with all those nations with enough data to perform a quadratic fitting.
These tables include information about the co-authorship country; the number of accumulated co-publications ; the percentage ∑ ∑ 100 or the fraction of the total number publications between 1973 and 2006 of country k that was co-published with country i; the coefficients , , and ; the time t 0 at which the self-organizing network is triggered; and the correlation coefficient (Weisberg, 1980) , , here j indicates years between 1973 and 2006. Figures 11 to 15 show the co-authorship network behavior of Spain, Brazil, Mexico, Argentina and Portugal (Iberoamerican countries which account for 87.33% of the total mainstream scientific publications of the region). In these figures we represent the total number of co-publications (links) with their main cooperative nations (nodes) against time . It is self-evident how well the scale-free self-organizing network model fits the empirical data over 34 years. The minimum of these curves shows the value of t 0 at which the network dynamics is triggered behaving as a self-organizing process. According to this interpretation, the scientific collaborations for t<t 0 is below the threshold of connectivities needed to start the self-organizing process. For this reason, we also observe some sort of random behavior in the values.
From the values of the growth coupling constants , available at Tables 4 to 15, we can also verify the existence of the preferential attachment effect, where the connectivity of Iberoamerican countries with "hubs" or larger scientific networks (i.e. USA, UK, France, Germany, etc.) is growing faster than with other less connected countries (smaller scientific networks). The last is another prediction of the model that is corroborated by our empirical study.
Using the data from the 352 networks (see Appendix) we also empirically find that the total number of copublications between countries k and i, scales with a power-law with the coupling growth constant as 5134.2 . (see Figure 16 ). The last relation implies that the co-publications with "hubs" (i.e. USA, UK, France, Germany, etc.) growth hyperbolically much faster than with the rest of minor co-authorship networks. This fact is coherent with a preferential attachment strategy as it is predicted by our model.
When we analyze the distribution of the dates, t 0 at which the self-organizing network dynamics is triggered, among the 352 different networks, we find a normal distribution (see Figure 17) with the most probable value at t 0 = 1981.4 ± 2.2. The first obvious conclusion indicates that the appearance of Internet was not a key issue for the emergence of coauthorship scientific networks dynamics. According to Laudel (2001) , most of the scientific collaborations begin face-toface. Historically relationships, former colonial ties and geographic proximity can only account for the internal Iberoamerican collaboration links (i.e. most of the cooperation with smaller co-authorship networks), but not for the coauthorship dynamics with "hubs". For the last, a preferential attachment generated by a brain-drain process is still the best explanation. As it was shown previously, there is an increasing set of new evidence showing that migration and mobility of researchers and scientists towards the mainstream scientific countries (hubs), expands the connectivities between the original country and a most visible and larger scientific network. This is probably the mechanism that triggers this scientific network dynamics. Number of co-publications P between countries k and i
Coupling growth constant a between countries k and i
10.000
Based on relations (10), (11) and (12), we know that there is a lower threshold of connectivities needed to trigger the self-organizing co-authorship network between two countries. According to the normal distribution shown in Figure 17 , most of the co-authorship networks in Iberoamerican countries started within a short period of time (1981.4 ± 2.2). This effect might be explained by the massive brain-drain movement towards highly developed countries (Oteiza, 1971) . In many cases, this emigration was generated by the adverse political situation among most of Iberoamerican nations, between the late sixties and mid eighties.
To show the severity of the last situation, in Figure 18 we estimate the percentage of the whole Iberoamerican and Caribbean's population, which were living under dictatorship's governments 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 Relative Frequency 0%   10%   20%   30%   40%   50%   60%   70% 80% 1960 1965 1970 1975 1980 1985 1990 1995 Between the mid-sixties and mid-eighties, the Iberoamerican Region was dominated by a very difficult and delicate political and economical situation, which expelled most of their highly qualify talents (in science, technology, medicine, arts, literature and culture in general). The absence of academic freedom, persistence of ideological harassment, unstable macro-economical performance, low research budgets and wages, erratic S&T policies, constituted an extremely powerful driving-force for emigration (pushing-factors). These effects were also amplified by those pulling-factors described in Section 3.
After living for some time in developed nations, and participating in larger R&D networks, those expatriate scientists, engineers and technicians generated a critical mass of connectivities that trigged the co-authorship network dynamics, linking Diaspora members with scientists in their original countries.
Forecasting methods to study the scientific co-publication patterns among countries:
If the co-publication at time t of country k with two countries i and j, have coupling coefficients , we will obtain for every t > t 0 . But if the coupling coefficients have the property that , we can estimate the time t int at which both countries i and j have the same number of co-publications with country k or . After this time (t f > t int ) the number of co-publications of country k with countries i and j will have the following opposite relation:
.
Here-on we estimate the value of t int as a function of the values , , , , , that are empirically determined and listed in Tables 4 to 15 (see Appendix) .
If (14) From (9) and (14) we have ; ;
We finally can determine the value of t int as: (18) Here we need to consider only the major real root of equation (18) that corresponds to the moment at which a smaller coauthorship network ) but with a higher growth coupling coefficient, , reaches the same annual copublications rate than the biggest one ). We apply this methodology to a particular substitution case to show how it works. For many years, the second main co-authorship country of Spain was France, but recently the last was replaced by the United Kingdom (see Figure 11 ). Here we apply our formalism to estimate t int by using the coefficients taken from (17) and (18). In this way, we can theoretically estimate the time at which the Spain reached a higher number of co-publications with UK than France as t int = 1998.9. This methodology can be used with any set of
coefficients, that represent the growth constants of the co-publications of country k with a group of countries i. The last can be a very useful tool for S&T planners and for any other decision-making process.
Summary and discussion:
We have studied the long-term behavior of mainstream knowledge production for all Iberoamerican and Caribbean countries between 1973 and 2007. During the last decade, only two nations within the region (Spain and Brazil) were in the top-twenty most productive countries of the world. We showed that the production of scientific articles against time follows an exponential growth behavior, where Portugal, Colombia, Spain and Brazil, got the highest growth rates. The rest of the Iberoamerican nations presented a more irregular behavior that was directly correlated with their national macroeconomical and political performances across the examined years. We also analyzed the evolution of the national productivity, in terms of number of articles per million-inhabitants. Again, we found the excellent performance of the two European nations of our sample. Portugal increased its productivity 47 times during a 35-year period, and was seconded by Spain with 42 times. Both countries received the benefits of participating within the European Community Scientific Programs, which favored their continuous growth. Table 3 showed a very interesting difference between Spain and Portugal that might explain one of the causes of the higher growth slope of the last one. When we compare the traffic coefficient numbers (the ratio between the percentages of co-publications with larger scientific networks over the percentages of co-publications with smaller ones) Spain showed a 2.1 value, while Portugal the amazing 90.2 one. The strategy followed by Portugal to associate with hubs or other larger networks only (preferential attachment), got the prize of much more visibility, more opportunities to work in hot topics, great expansion of their connectivities and the possibility to be sharing with Mexico (ten times Portugal's population) the third rank of the region, in the number of mainstream publications per year.
Within Latin America, Chile, Argentina and Uruguay have the highest productivity, but their behavior presented some irregular shapes, that were in agreement with their internal economical and political performances during the same period. The productivity of the two most populated countries of the region, Brazil (188-million) and Mexico (107-million), are below the previously mentioned ones. But, they are also experiencing a continuous exponential growth-rate that will allow them to reach the highest Latin American productivities in just a few years. Another interesting case was Colombia, which after introducing some structural reforms to their national science and technology system, got the second nominal highest growth rate after Portugal. Even though, in the last case, the productivity still remains at almost the lowest place of our Iberoamerican sample (see Figure 3) .
On the other hand, we have Jamaica and Venezuela, whose productivities remained practically constant during the whole 35-year period. We think that this is a good indicator of the absence of S&T policies or just their failure.
We also studied, with great detail, the co-publication profiles of 12 Iberoamerican countries that account for the 97.95 % of the whole regional mainstream knowledge production . Within the last sample we considered all the Iberoamerican countries in which their individual total production for the period was over 0.5% of the total aggregated number of publications for all Iberoamerican and Caribbean countries between 1973 and 2006 (see Figure 1) . We analyzed the cooperation patterns of each country of the sample with other 45 different countries. We showed that USA, UK, France, Germany, Spain and Brazil, work like real hubs for all the Iberoamerican and Caribbean countries, concentrating the great majority of co-authorship activities.
We also found that most of the co-publications were performed with extra-regional countries. While, in the last decade, we detected a shift that favored the increase of intra-regional cooperation, as well as the emergence of new coauthorship networks with countries like South Korea, Russia, and China. The first might be explained by the existence of new regional cooperation agreements and programs, while the second by the globalization of knowledge production processes.
We showed that the scientific co-authorship among countries follows a power-law and behaves as a selforganizing scale-free network, where each country appears as a node and each co-publication as a link. We developed a mathematical model to study the temporal evolution of co-authorship networks, and we showed that the number of copublications among countries growths quadraticly against time. We determined the boundary conditions at which the selforganizing network process is triggered.
We empirically corroborated the quadratic growth prediction of our model by analyzing a 34-year temporal evolution of 352 different co-authorship networks. We showed how the number of co-publications (t) between country k and country i, are related with a power-law against the coupling growth coefficients (scale-free). We calculated the quadratic growth coefficients , , , for 352 different pairs of co-authorship countries across 34 years.
The last original results might be employed to estimate the future co-authorship behavior of mainstream scientific articles for the Iberoamerican countries. We have also presented a mathematical methodology, to use the empirically determined growth constants of each co-authorship network (see Appendix), to predict changes in the relative intensity of cooperation among different countries. All this constitutes a very useful set of tools that can be used by S&T planners and decision-makers worldwide.
From the data available at the Appendix, we calculated that the 47% of the networks have correlation coefficients with R > 0.94; 27 % with 0.94 > R > 0.90; 18% with 0.90 > R > 0.84 and 8 % with R < 0.84. These results show a very good agreement between our mathematical model and all the fitted data over a 34-year period.
We also corroborated the prediction that the connectivity of regional countries with larger scientific networks grows faster than with other less connected countries. We determined that 70.4 % of the 352 analyzed cases linked their cooperation with hubs or larger co-authorship networks. These social webs were responsible for 39.6 % of the total number of articles that were published, between 1973 and 2006, by the 12 countries of our sample. The rest of the co-authorship networks (smaller ones) accounted for only 8.8 % of the total regional production. Spain, alone, concentrated 6.1 % of the last 8.8%.
These smaller scientific co-authorship networks are composed by Latin American countries, where historical relationships, former colonial ties, same language and geographic proximity, can justify their existence. All these results are, again, consistent with the preferential attachment dynamics proposed as the bases of our mathematical model.
We think that the type of internal dynamics described by our mathematical model explains by itself the selforganizing property of the co-authorship scientific networks. Similar conclusions were obtained independently by Katz (1999) and Wagner & Leydesdorff (2005a) . In order to estimate how the explicit S&T policy regional cooperation instruments work, or not, Lemarchand (2005) proposed to correlate output S&T indicators (i.e. bibliometric co-authorship) with the application of international cooperation agreements and programs. Unfortunately, the lack of regional databases with complete lists of all international scientific cooperation agreements among institutions and countries, did not allow us to test them in a systematic way.
In spite of the fact that we lacked complete regional databases, we used information provided by Lemarchand (2005, pp. 125-127) , to analyze if there was any influence on intra-regional cooperation performance from those agreements between Argentina and the rest of Latin American & Caribbean countries . We found that the temporal evolution of formal S&T regional cooperative agreements (RCA) increases its size in a linear way, such as: RCA=3.5037t-6.7079 (R=0.997), where t is time in years. The fact that RCA follows a linear growth like equation (1), and that the first might be embedded in the last, inhibit us to evaluate if the quadratic growth detected for the cooperation between Argentina and the rest of Iberoamerican countries, shown in Figure 9 , was influenced by the regional cooperative agreements, or not. In order to formally reject its influence, we need to count each single mainstream scientific article that resulted from all these formal RCA. The last information was not available.
At this point we agree with Wagner and Leydesdorff (2005a) that the explicit S&T policies and other classical models can not account for the scientific co-authorship network dynamics. The analyses of 352 different scientific coauthorship networks over 34-year, provided in this article, present enough evidences to accept that the regional copublication dynamics is a self-organizing process which is governed by preferential attachment.
We also applied our mathematical model to estimate the dates, t 0 , at which the co-authorship connectivities trigger the self-organizing scale-free network for each of the 352 cases (see Appendix). We found that the last follows a normal distribution around year 1981.4 ± 2.2. We associated this particular concentration of dates which trigger the selforganizing co-authorship networks, with a massive brain-drainage caused by the adverse regional political situation, between the mid-sixties and mid-eighties, where more than 70% of the Iberoamerican and Caribbean population were living under Dictatorship's Governments (see Figure 18) . We have examined, both, the pulling and pushing factors for the international mobility and migration of talents, during those days.
The examined data showed a time-lag of ≈15 years, between the peak when most of the Iberoamerican population was living under dictatorships (massive brain drainage) and the peak when most of the co-authorship networks were triggered. We think that emigrant scientists while living abroad need some period of time to develop a wide variety of S&T human capital assets, not only enhanced S&T knowledge, but craft skills, know-how, publish mainstream articles, develop their ability to structure and plan research and of course, increase contacts with other scientists, industry, and funding agents. After expanding these potentialities, the emigrant scientist became "visible" for their home-country scientific networks. After this time-lag, they might be in a position to start transferring part of their accumulated knowledge and experience to their home country through periodic visits and by their participation in knowledge and co-authorship networks.
In recent years, several Latin American countries, established all sort of national programs (i.e. CALDAS in Colombia; RAICES in Argentina; Red de Talentos para la Innovación in Mexico, Chile Global; etc.) with the strategic goal to coordinate and stimulate the scientific Diasporas in order to strengthen knowledge networks with their home countries. These S&T policies have also the possibility to enhance the self-organizing mechanisms of co-authorship networks and transform brain-drain into brain-gain.
Appendix: Table 4 to 15 
